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ABSTRACT 
Eighteen small shallow lakes located in the Northern Patagonian Lake District, in southern South America, were sampled in 
2001 and analysed for the main chemical variables (pH, conductivity, alkalinity, major ions and nutrients). The study lakes span a 
wide geographical and altitudinal range and belong partly to the Pacific and partly to the Atlantic watershed. The main aim of this 
study was to investigate the relationships between water chemistry and physical/geographical properties of these lakes. Secondly, the 
nitrogen content of the lakes was considered in detail, and results compared to those obtained in previous studies carried out in other 
remote areas of the globe (the Central Southern Alps in Italy, the Sierra da Estrela region in Portugal, the Svalbard Islands in the 
Arctic, the Khumbu-Himal region in Nepal, and the Terra Nova Bay area in Antarctica). In the Alps, lakes are characterised by 
markedly high nitrogen concentrations, manly as nitrate, due to the high inputs of nitrogen compounds from downwind sources like 
the Po Plain in Northern Italy. Conversely, lakes at remote locations such as the Andes, Antarctica and Himalaya are characterised 
by a low nitrogen content, mainly as organic nitrogen. This status is related to the limited atmospheric inputs of nitrogen affecting 
these regions. 
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1. INTRODUCTION 
Atmospheric pollution and anthropogenic activities 
in general can alter the cycles of natural elements in 
both terrestrial and aquatic ecosystems. In particular, the 
deposition of atmospheric pollutants such as acidifying 
compounds, organic pollutants and heavy metals may 
affect also areas located distant from the main emission 
sources. Remote lakes, defined as those at high altitude 
in mountain areas or at high latitude in the Arctic 
regions, by virtue of their distance from any human 
activities, are generally considered to be pristine 
systems. Nevertheless, they have proved to be affected 
by long-range atmospheric pollution (e.g., Rose 1995; 
Carrera et al. 2002; Heit et al. 2004) and by the effect of 
climate change (Battarbee et al. 2002; Catalan et al. 
2002; Smol et al. 2005). Hence, remote lakes are 
considered "early response" indicators of climate 
change, atmospheric deposition and air pollutants. 
Consequently, a number of studies on remote lakes in 
different regions of the globe have been performed with 
the aim to describe their water chemistry and biota (e.g., 
Macek et al. 2006; Llames & Vinocur 2007; Diaz et al. 
2007; Kumke et al. 2007), and to evaluate their 
sensitiveness towards anthropogenic stressors like water 
exploitation, land use change, tourism and recreational 
use (Mc Garrigle & Champ 1999), pollutant deposition 
(Allan 1999; Wolfe et al. 2001), and, more recently, 
climate change (Filippelli et al. 2006; Sommaruga 
2007).  
Long-term monitoring programmes about the effects 
of atmospheric pollution, for instance, showed how the 
water chemistry of remote lakes in mountain regions of 
both Europe and North America is affected by the 
deposition of long-range transported nitrogen (N) 
compounds. As an example, lakes in the Southern 
Central Alps of Europe are characterised by high N 
concentration, mainly nitric N (Psenner et al. 2000; 
Curtis et al. 2005), due to the high level of N deposition 
(between 15 and 25 kg N ha-1 y-1). Also in the Colorado 
Front Range, in North America, even moderate N 
deposition (3-5 kg N ha-1 y-1) induced recent increases 
in surface water NO3 concentrations and rapid 
ecological changes in alpine lakes (Baron & Caine 
2000; Wolfe et al. 2001). On the other hand, nitrate 
(NO3) concentrations are usually below the detection 
limit in lakes and streams subject to low N input (<1 kg 
N ha-1 y-1) and organic nitrogen (ON) accounts for a 
substantial proportion of the total nitrogen (TN) content 
(Hedin et al. 1995; Kaushal & Lewis 2003). 
In this paper we focused on the Northern Patagonian 
Lake District, in southern South America, showing the 
results of a sampling campaign performed in 2001 on 18 
shallow lakes spanning a wide geographical and 
altitudinal range. Some of these lakes have been already 
sampled and analysed for the main chemical variables in 
previous studies (Pedrozo et al. 1993; Soto et al. 1994; 
Pedrozo & Chillrud 1998; Zagarese et al. 2000), but 
here only new data are shown.  
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The main aim of the present study was to explore the 
relationships between water chemistry and physi-
cal/geographical properties of the lakes and to provide 
additional information about these freshwater ecosys-
tems. Our findings were compared and discussed in 
relation to those obtained in previous studies performed 
in the same area. In a second section of the paper, the N 
status of the study lakes was compared to those of other 
lakes located in remote regions of the globe, such as the 
Central Southern Alps in Italy, the Sierra da Estrela 
region in Portugal, the Svalbard Islands in the Arctic, 
the Khumbu-Himal region in Nepal, and the Terra Nova 
Bay area in Antarctica. 
2. LIMNOLOGICAL STUDIES IN THE NORTHERN 
PATAGONIAN LAKE DISTRICT 
There is a good record of limnological studies in the 
Northern Patagonian Lake district. Pioneer studies in 
Southern South America were carried out by Thomas-
son (1959, 1963), who studied the water chemistry and 
plankton composition of several lakes in Chile and 
Argentina. Thomasson named Araucarian lakes those 
located between 39° and 43° S, eastern and western of 
the Cordillera de los Andes, along the Chilean and the 
Argentinean side. Successively, Campos and co-authors 
(see Campos 1984, and reference cited) reported for the 
first time morphometric, chemical, physical and bio-
logical aspects of the Chilean lakes. In Argentina, 
Quirós (1988, 1991), and Drago & Quirós (1995), stud-
ied physical and morphometric aspects of several Pata-
gonian lakes. These extensive work showed very 
heterogeneous conclusions related to climate, morphol-
ogy and edaphic conditions in the area.  
Pedrozo et al. (1993) described the chemical compo-
sition of 20 rivers and 30 lakes of northern Patagonia, 
mainly focusing on the importance of nutrients, both N 
and P, in algal growth limitation. More recently, an 
overview of the environmental status of the Argentinean 
lakes was presented by Quirós & Drago (1999). They 
concluded that Argentina still has a larger proportion of 
lake waters in natural conditions but that future devel-
opments for natural resources may pose a threat to natu-
ral lake environments. Modenutti et al. (1998) also 
pointed out how the increasing human activity in the 
last few years will have important future effects on the 
communities of Patagonian lakes. 
Balseiro and Modenutti have a large record of lim-
nological studies in North Patagonia, ranging from food 
web dynamics (e.g., Balseiro et al. 1997, 2001; Mode-
nutti et al. 2003) to photosynthetic activity (Modenutti 
et al. 2004; Perez et al. 2007) in the lakes located in the 
Nahuel Huapi National Park.  
Morris et al. (1995) produced a comparative studies 
between Patagonian lakes and lakes in various regions 
of the Northern Hemisphere, considering both chemical 
charateristics and optical properties of lake water.  
Recently, a special Issue of the journal Limnologica 
collated a number of papers on limnological studies in 
temperate South America, both from the western and 
the eastern Andean side (Woelfl 2007). Among them, 
Diaz et al. (2007) presented an analysis of the chemical 
composition and the trophic state of 39 Patagonian 
lakes, 8 of which are in common with the present study. 
The authors mainly focused on the comparison between 
measured chlorophyll-a concentrations and chlorophyll-
carrying capacities of the nutrients and pointed to a 
nitrogen deficiency of the lakes as to the main factor 
explaining their oligotrophic conditions (Diaz et al. 
2007).  
A further contribution to the discussion on nutrient 
limitation in the Andean-Patagonian lakes was provided 
by Callieri et al. (2007), showing the relevant role of 
phosphorus in the limitation of primary production in 
deep, ultraoligothrophic lakes. 
Natural and artificial lakes in northern Patagonia 
(Argentina and Chile) are also considered very impor-
tant from the paleoecological and paleoclimatological 
point of view. This kind of studies is an important com-
plement in limnological studies as they contribute to the 
global understanding of lake dynamics. These mid-lati-
tude regions of South America are indeed highly sensi-
tive to climatic changes, as suggested by paleoecologi-
cal data (Massaferro & Vandergoes 2007). The El Niño 
Southern Oscillation (ENSO), volcanism and anthropo-
genic events have also a significant impact in the physi-
cal and chemical properties of the aquatic systems, as 
well as in the vegetation patterns (Paruelo et al. 1998). 
Paleolimnology in Argentina and Chile achieved 
greater importance during the last 10 years. The first 
studies were developed in PROGEBA, a Quaternary 
programme from CONICET that congregated a multid-
isciplinary team of geologists and biologists in northern 
Patagonia. Since then, an increasing number of publica-
tions about past climate and ecological changes in lakes 
were developed in the area of the Nahuel Huapi 
National Park (e.g., Fernandez 1994; Ariztegui et al. 
1998; Massaferro et al. 1999). 
3. STUDIED AREA, METHODS AND SOURCE OF 
THE DATA 
3.1. Characteristics of the studied lakes 
The studied lakes are located mainly within the 
Nahuel Huapi National Park (NHNP) in Patagonia, 
Argentina, which covers 7100 km2. A few lakes belong 
to Lago Puelo National Park, located south of NHNP. 
Almost all the studied lakes are located in Argentina 
except two of them (Laguna Los Patos and Laguna 
Gallinas) which belong to the Chilean lake district (Fig. 
1). Lakes belong to both Atlantic and Pacific watersheds 
(Tab. 1). 
The main limnological features of the lakes are 
shown in table 1, together with water chemistry data. 
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Lakes lie between 680 and 1000 m a.s.l. except Lake 
Verde (1466 m a.s.l.) which is also the shallowest one 
(1.5 m depth). In the other lakes water depth varies 
between 7 and 32 m (Tab. 1). The majority of these 
aquatic environments are of glacial origin. A few of 
them are formed by the damming effect of the frontal 
moraines left behind by retreating glaciers. Despite the 
Cordillera de los Andes acting as a geographical barrier, 
lakes in both Argentinean and Chilean territories have 
similar chemical characteristics. Lake water chemistry 
is controlled by silicate and bicarbonate reactions with 
low nutrient concentrations, especially phosphorus 
(Soto et al. 1994; Diaz et al. 2007). The input of nutri-
ents to these lakes depends on the chemical composition 
of soil drainage and rainfall (Campos 1984). In general, 
all of these freshwater bodies are ultraoligotro-
phic/oligotrophic and warm monomictic with thermal 
Fig. 1. Map showing the location of the study lakes (numbers
refer to table 1). 
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stratification in summer (Quiros & Drago 1999). How-
ever, the smallest ones could be dimictic or cold 
polymictic.  
3.2. Geology, climate and vegetation 
The geology of the area is dominated by igneous, 
volcanic and plutonic rocks formed by glaciers during 
the Pleistocene. Sedimentary and metamorphic rocks 
are of secondary importance. Volcanic eruptions 
occurred during the Quaternary have been relevant in 
this region generating the parental material of Andean 
soils. The "Circumpacific volcanic zone", between 38 
and 44°S in Chile, is responsible of the volcanic deposi-
tion in this area, affecting both the Chilean and the 
Argentinean side. Valleys are dominated by glacial drift 
and alluvial deposits (Markert et al. 1997). 
The climate of the region can be classified as mod-
erately continental, ranging from cold temperate near 
the Andes to arid and warmer on the Patagonian Pla-
teau. Almost all the Patagonian region is dominated by 
air masses coming from the Pacific Ocean and strong 
constant west-winds (westerlies) are dominant across 
the region. These winds are present all the year round; 
mean annual speed values in this area oscillates between 
15 and 22 km h-1.  
The Andes plays a crucial role in determining the 
climate of Patagonia acting as a barrier for humid air 
masses coming from the Pacific Ocean. This results in 
high precipitation amount in the Chilean side (annual 
rainfall exceeding 2000 mm). Crossing the Andes, in 
Argentina, precipitation decreases exponentially east-
wards. (Paruelo et al. 1998). The strong west-east pre-
cipitation gradient varies from >2000 mm y-1 (Argen-
tina/Chilean border) to 500 mm y-1 (Lake Nahuel Huapi 
meteorological station). Mean annual air temperatures 
in the Nahuel Huapi National park is 8 °C with a maxi-
mum average summer temperature of 14 °C and a 
minimum average winter temperature of 2 °C. These 
climate gradients impose different structural patterns of 
soils and vegetation as well as different patterns of eco-
systems functioning such as soil water dynamic and 
nutrient cycling. In fact, the vegetation of this part of 
Patagonia is an ecotonal belt containing temperate rain-
forest vegetation mixed with steppe elements towards 
the east steppe border.  
Temperate rainforests are the dominant native 
vegetation showing a vegetation pattern with a particu-
lar richness. Modern forest communities are represented 
by Valdivian, North Patagonian and subantarctic ele-
ments lying on Andisols or volcanic soils (1000-3000 
mm rainfall). The most characteristic plant communities 
encompas several species of Nothofagus and the 
conifers Austrocedrus chilensis and Fitzroya 
cupresoides; the undergrowth cover is dominated by 
bamboo-like canes (Chusquea sp.) and shrubs (Berberis 
sp.).  
3.3. Sampling, analysis and data elaboration  
The fieldtrip in North Patagonia was carried out 
during February and March 2001. Eighteen lakes were 
sampled for water chemistry. They have similar mor-
phometric characteristics (except Lake Epuyen and 
Lake Lezama, see table 1). The lakes were chosen along 
a latitudinal gradient and equally representing the 
Pacific and the Atlantic watershed (Fig. 1, Tab. 1). All 
the sampled lakes were small (lake area between 0.2 and 
8 km2) and shallow (depth always <35 m). From each 
lake, a single surface sample was collected in a pre-
washed plastic bottle and stored at 4 °C for successive 
chemical analysis. Measurements such as transparency, 
pH, oxygen concentration, conductivity, temperature 
and GPS were completed in situ. 
Chemical analysis of water samples were performed 
in the chemical laboratory of the Institute of Ecosystem 
Study of the National Research Council of Italy (CNR 
ISE). Lake samples were analysed for the main chemi-
cal variables: pH, conductivity, alkalinity (acidimetric 
titration, Gran's method), ammonium, total nitrogen, 
total phosphorus and reactive silica (spectrophotome-
try), major anions (SO4=, NO3-, Cl-) and cations (Ca++, 
Mg++, Na+, K+) (ion chromatography). ON concentra-
tions were calculated from the difference between TN 
and inorganic N (IN = N-NO3 + N-NH4) concentrations. 
Details on the analytical methods used can be found in 
Tartari & Mosello (1997). 
To check analytical quality for each analysis, a com-
parison between the sum of anions and cations, and 
between measured and calculated conductivity was per-
formed. Further quality assurance measures involved 
the use of control charts and the analysis of synthetic 
samples on a regular basis. Participation in several inter-
laboratory comparisons on surface water analysis 
allowed a further quality check of the results (Marchetto 
et al. 1999). 
Correlation analysis was performed to find out 
eventual relationships between geographical/physical 
attributes and chemical characteristics of the lakes. A 
cluster analysis (Ward's method, Euclidean distance) 
was used to identify the main groups of lakes according 
to water chemistry (14 variables, including nutrients and 
major ions). All statistical analyses were performed with 
S-plus 2000 (Math Soft). 
3.4. Remote lake datasets 
The concentrations of N compounds in Patagonian 
lakes were compared with those available for lakes in 
selected remote areas of Europe, in the Himalaya and in 
Antarctica. Data were collected during a number of lim-
nological surveys performed by the researchers of CNR 
ISE in the framework of various research programmes. 
Part of the chemical data of these lakes have been 
published elsewhere, but an extensive evaluation of 
their N content is presented here for the fist time. The 
datasets are as follows. 
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1) Central Alps: 35 lakes located in the Piedmont 
region, in the Ossola and Sesia Valleys, at an altitude 
between 1900 and 2700 m a.s.l., were sampled in late 
summer-autumn of 2000 and 2001, within the EU Pro-
jects EMERGE (European Mountain lake Ecosystems: 
Regionalisation, diaGnostics & socio-economic 
Evaluation) and RECOVER: 2010 (Predicting recovery 
in acidified freshwater by the year 2010 and beyond). 
The lake watersheds mainly consist of bare rocks, with 
vegetation generally confined to small areas of alpine 
meadow. Part of the chemical data for these lakes has 
been presented elsewhere (Rogora et al. 2003), mainly 
focusing on the ionic content and the lake acidification 
status.  
2) Svalbard Islands: 3 lakes were sampled in 1999 dur-
ing a limnological investigation, as part of the CNR 
POLARNET Strategic Programme. In the lake area tun-
dra vegetation prevailed and permafrost was found 
throughout the area. Water chemistry data of Lake 
Kongressvatnet have been presented in Guilizzoni et al. 
(2006), while the results for the other lakes have not 
been published before.  
3) Himalaya: 31 lakes in the Sagarmatha National Park, 
Khumbu-Himal region, Nepal, were sampled in differ-
ent campaigns from 1991 to 1997. The lakes were 
located between 4530 and 5480 m a.s.l., close to the 
permanent snow-line (5600 m a.s.l.). They are mainly 
small lakes (<0.05 km2), located in moraine areas partly 
covered by shrubs and grassland. An extensive evalua-
tion of watershed and lake characteristics and of chemi-
cal data is reported in Tartari et al. (1998). 
4) Antarctica: a number of small lakes in the Terra Nova 
Bay, Victoria Land, were sampled during two expedi-
tions (1988-89 and 1990-91) in the framework of the 
National Program of Research in Antarctica (Guilizzoni 
et al. 1992). The lakes were all located in a volcanic 
area, along the coast of the Ross Sea, in holocenic 
emerged beaches (5/290 m a.s.l.) or in moraine depres-
sions (-5/-70 m a.sl.). About 30% of the lakes were lar-
ger than 1 ha, the others having a surface area between 
0.3-0.6 ha, and mean depth ranged between 1.5 and 2.5 
m (Guilizzoni et al. 1992). Data reported here referred 
to 16 lakes sampled in 1991 and have never been pub-
lished before. 
5) Portugal: 16 lakes located in the Serra da Estrela 
were sampled in 1994-95 in order to investigate their 
water chemistry in relation to atmospheric inputs. The 
Serra de Estrela is located in the central part of Portugal, 
in a National Park bearing the same name. The lakes 
were all located above the local tree line, between 1500 
and 1800 m a.s.l., on granitic bedrock with scarce and 
thin soil cover (Boavida & Gliwicz 1996). 
All chemical analyses of the lakes were performed 
in the CNR ISE laboratory with the same methods 
employed for the Patagonian lakes. Limnological cam-
paigns at these remote locations span a quite long period 
of time, since the early 1990s to recent years. Never-
theless, the comparability of chemical data in time was 
assured by regular analytical quality control and inter-
comparisons (e.g., Marchetto et al. 1999) and by paired 
analyses performed for about a year after any change in 
the analytical methods to detect possible systematic dif-
ferences in the results. 
4. RESULTS AND DISCUSSION  
4.1. Water chemistry of Patagonian lakes 
All the lakes are characterised by well-buffered 
water, with pH values between 6.9 and 8.1, and alkalin-
ity always above 200 µeq L-1. The ionic content varies 
between 550-600 µeq L-1 and 2000-2400 µeq L-1, with 
corresponding values of conductivity from 26-30 to 90-
100 µS cm-1 at 20 °C (Tab. 1). As already pointed out in 
other studies on the water chemistry of Patagonian lakes 
(e.g., Pedrozo et al. 1993; Markert et al. 1997), the lakes 
are silica-dominated solutions, with calcium and bicar-
bonate as the prevailing ions. Calcium represents from 
15 to 38% of the total ionic content, followed by Na+ 
and Mg++ in similar proportion. Among anions, alkalin-
ity represents about 40-45% of the total ionic content, 
while SO4= contributes for no more than 8%. The Na+ to 
Cl- ratio in lake water is between 4 and 8 in most of the 
lakes, highly above the ratio in marine water (0.858), 
indicating a weathering contribution to Na+ concentra-
tion. The contribution of atmospheric deposition to the 
SO4= content of the lakes can be excluded at this remote 
location. The SO4= to Cl- ratio in lake water proved to be 
markedly higher than the corresponding ratio in sea-
water (0.103), with the exception of lakes Redonda and 
Mercedes (Tab. 1). As a consequence, the SO4= content 
in most of the lakes can be fully attributed to weathering 
of rocks and soils bearing sulphur minerals. 
All the study lakes show quite high concentrations 
of reactive silica, between 3.0 and 8.0 mg Si L-1 for 
most of the lakes. The only exception is Lake Verde, 
where the low RSi value can be explained by the high 
productivity of the lake. Very high concentrations 
(above 16 mg Si L-1) are found in three lakes: Bailey 
Willis, Angostura and Redonda. The same lakes are also 
characterised by a high content of Na+ and K+, suggest-
ing that the weathering of secondary clay minerals, 
derived form K- or Na-feldspars, is of primary impor-
tance in these lake catchments.  
Although northern Patagonian lakes have been pre-
viously classified as ultraoligotrophic and oligotrophic 
according to the low total phosphorus (TP) content (2-
10 µg P L-1) (Pedrozo et al. 1993; Market et al. 1997; 
Quirós & Drago 1999; Balseiro et al. 2007), in this 
study some of them showed medium to high TP con-
centrations (12 to 30 µg P L-1; Tab. 1). Lake Redonda 
and Angostura, showing the highest TP content, are 
located on the Victoria Island, in the Lake Nahuel 
Huapi, and in the urban area of the touristy village Villa 
La Angostura, respectively. It can be hypothesised that 
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these lakes receive untreated sewage waters from the 
urban areas. For instance, slightly increased concentra-
tion of TP within lake Nahuel Huapi has been attributed 
to anthropogenic influences from the town of Bariloche 
(Markert et al. 1997). It must be also pointed out that 
Lake Angostura is a temporary lake, so that other vari-
ables like the hydroperiod could play a role in water 
chemistry. Despite its remote location, Lake Verde is 
mesotrophic. This can be explained by its limited area 
and depth and by the fact that it is a closed lake, without 
any inlets or outlets. It only receives meltwaters during 
the summer from  the surrounding mountains. The bio-
logical study performed on this lake by Zagarese et al. 
(2000) confirmed its mesotrophic status; Lake Verde 
differed from the mountain lakes in the same area 
showing biological communities typical of low altitude 
lakes (Zagarese et al. 2000). 
The highest TN levels (>0.20 mg N L-1) are found in 
lakes Angostura and Verde, and also in lakes Escon-
dido, Morenito and Trebol, which are directly impacted 
by the population of the city of Bariloche. All these 
lakes show a high development of macrophytes and 
submerged vegetation, that increasingly have grown 
during the last 10 years. Nitrate is almost absent in lake 
water, due to the low contribution from atmospheric 
deposition (Pedrozo et al. 1993). Diaz et al. (2007) sug-
gested that this N poverty in lake water can be explained 
by deficiencies in the leachates from highly eroded low-
soluble rocks, and by the presence of a mature forest 
cover lack being effective in N uptake and retention.  
Only two lakes, Gallinas and Patos, show detectable 
NO3 concentrations. Both are located on the Chilean 
border (Fig. 1), in an area where the Valdivian rain for-
est is the dominating vegetation. Lower rates of N 
retention in these two lake catchments could be related 
to an effect of the different vegetation cover; this pattern 
could be as well attributed to a higher rate of organic 
nitrogen production in vegetated catchments of the 
Valdivian rainforest, subsequent higher microbial nitro-
gen turnover and nitrate leaching from catchments into 
lakes. Ammonium concentrations are also very low in 
all the lakes (1-3 µeq L-1), so that the N in lake waters is 
mainly organic, representing on average 85% of the TN 
content.  
Being the present study limited to a survey of the 
lake chemical characteristics, a thorough analysis of the 
nutrient status of the lakes is not possible. The spot 
sampling (one sample per each lake) also prevents us 
from an affordable evaluation of the N:P ratios. Previ-
ous studies pointed to a nitrogen-regulated trophic state 
of Patagonian lakes: Pedrozo et al. (1993) analysed 
nutrient concentrations in 20 lakes (including 8 of the 
lakes of the present study) and found N limitation 
according to the Redfield's ratio in most of the lakes. 
Also Diaz et al. (2007), studying chemical composition 
and nutrient concentrations of 39 Patagonian lakes, 
showed that dissolved IN is decisive in regulating the 
biomass carrying capacity of these ecosystems.  
Results of the correlation analysis (Tab. 2) show that 
water chemistry was not strongly dependent on the 
location of the lake. Their acidic status is somewhat 
related to latitude and altitude. At higher altitudes, pH, 
Ca++ and alkalinity decrease, and the opposite occurs at 
lower latitudes. The former relationship may be ascribed 
to lower weathering rates with increasing elevation, as 
confirmed by the negative correlation with SO4=, RSi 
and alkalinity. The higher Ca++ and alkalinity content in 
southern lakes (e.g., Huala Hue, Lezama and Epuyen) 
may be related to the geological features of the area. 
Water transparency was inversely related to the 
nutrient content of the lakes, especially to TP concen-
trations. Some relationships between the lake area and 
TP, and between lake area and some solutes (Mg++, Na+, 
K+, alkalinity) have been also found (Tab. 2). However, 
this correlation was mainly driven by Lake Lezama, 
which is much bigger compared to the other lakes which 
also show quite high concentrations of the above men-
tioned compounds (Tab. 1).  
The cluster analysis identified two main groups of 
lakes (Fig. 2). Both clusters I and II can be further 
divided into two subgroups at a linkage distance of 2.0: 
IA and IB and IIA and IIB, respectively. Lakes in clus-
 
Tab. 2. Correlations (Pearson product-moment correlations) between geographical/physical and chemical attributes of the
study lakes. Significant correlation (p <0.05) are in bold. 
 Cond. TP TN RSi ON H+ Ca++ Mg++ Na+ K+ Alk. Cl- SO4= 
Longitude -0.12 0.31 -0.01 0.08 0.03 0.31 -0.31 0.04 0.17 0.11 -0.09 0.18 -0.32 
 p 0.69 p 0.31 p 0.97 p 0.80 p 0.91 p 0.31 p 0.30 p 0.91 p 0.59 p 0.73 p 0.76 p 0.56 p 0.29 
Latitude 0.39 -0.14 -0.33 -0.21 -0.29 -0.46 0.43 0.19 0.23 0.13 0.38 -0.06 0.32 
 p 0.19 p 0.64 p 0.27 p 0.50 p 0.33 p 0.12 p 0.15 p 0.54 p 0.45 p 0.67 p 0.20 p 0.85 p 0.28 
Altitude -0.59 0.29 0.01 -0.44 0.06 0.59 -0.60 -0.44 -0.39 -0.31 -0.54 -0.31 -0.60 
 p 0.03 p 0.33 p 0.98 p 0.13 p 0.84 p 0.04 p 0.03 p 0.13 p 0.19 p 0.30 p 0.06 p 0.30 p 0.03 
Depth -0.02 -0.44 -0.20 0.28 -0.26 -0.06 0.11 -0.21 -0.22 -0.11 -0.09 0.05 0.37 
 p 0.96 p 0.13 p 0.51 p 0.36 p 0.38 p 0.86 p 0.73 p 0.49 p 0.46 p 0.73 p 0.77 p 0.87 p 0.21 
Lake area 0.43 0.67 -0.06 0.41 -0.09 -0.33 0.25 0.45 0.64 0.74 0.51 0.16 -0.29 
 p 0.14 p 0.01 p 0.84 p 0.16 p 0.77 p 0.29 p 0.42 p 0.12 p 0.02 p 0.00 p 0.07 p 0.60 p 0.34 
Trasparency 0.06 -0.73 -0.50 -0.01 -0.48 -0.18 0.25 -0.22 -0.29 -0.36 0.00 -0.15 0.52 
 p 0.83 p 0.01 p 0.09 p 0.97 p 0.10 p 0.55 p 0.41 p 0.46 p 0.34 p 0.23 p 0.99 p 0.63 p 0.07 
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ter I are the most dilute, showing lower conductivity 
values and ionic content (38 µS cm-1 and 860 µeq L-1 as 
mean values) with respect to lakes in cluster II (61 µS 
cm-1 and 1380 µeq L-1). Lakes in group I also have 
lower pH values and SO4= concentrations (5 µeq L-1, 
with respect to 50-55 µeq L-1 of group II). Lakes in the 
subgroups IA and IB mainly differ for nutrient (TP, TN 
and RSi) and Ca++ and alkalinity concentrations, which 
are higher in the latter group. The highest conductivity 
and ionic content are found in lakes of cluster IIA (75 
µS cm-1 and 1860 µeq L-1, respectively), which also 
show the highest TN content (0.27 mg N L-1 as mean 
value). Lakes in cluster IIB are characterised by a me-
dium solute content, with Ca++ and SO4= concentration 
similar to those in group IIA but lower Mg++, Na+, K+ 
and Cl- concentrations.  
Some lakes, despite they are located in the same 
area, belong to different chemical groups. This, high-
lights the role of local vegetation cover and watershed 
lithological composition influencing the lake water 
chemistry. As an example, Lakes Lezama and Epuyen, 
located in the southernmost part of the study area (Fig. 
1), sharply differ regarding the ionic composition. The 
former, contains markedly higher concentration of 
Mg++, Na+, alkalinity, and Cl-, while the latter is richer 
in Ca++ and SO4=.  
In the southern part of NHNP, Lakes Fonck, Hess 
and Moscos are located along the course of the Rio 
Manso (Fig 1). However, only two of them (Lake Hess 
and Moscos) receive melting water from the Tronador 
glacier. Indeed, Lake Fonck shows a different water 
chemistry with a lower solute content and especially 
lower SO4= concentration than Lakes Hess and Moscos. 
As already pointed out by Pedrozo et al. (1993) the 
large debris load of the Manso Glacier derives from 
Monte Tronador, which lithology mainly consists of 
basalts, base andesites and pyroclastic breccias. The 
sulphate signal in Lakes Hess and Moscos, and also in 
Lake Hula Hue, could be attributed to weathering of 
these materials. 
4.2. Nitrogen content of remote lakes 
The lake TN level and the relative contribution of IN 
and ON was compared from 126 lakes belonging to six 
different groups, including the Patagonian lakes of the 
present study. The main characteristics of lake groups, 
including N deposition according to the available data, 
are summarised in table 3. Box and whiskers plots in 
figure 3 show the concentrations of the different forms 
of N in each lake group, while the relative contribution 
of IN and ON to the TN content is shown in figure 4. 
The highest mean TN content was found in Antarc-
tic lakes, where the concentrations ranged between 0.06 
and 1.10 mg N L-1 and a median value of 0.41 mg N L-1. 
Several of these lakes are under the influence of marine 
birds and mammals; the highest TN levels (>1.0 mg N 
L-1) were indeed found in lakes at Edmonson Point and 
Inexpressible Land, located near penguin or other birds 
nesting (Borghini et al. 2008). 
TN levels were also quite high in high altitude lakes 
sampled in the Central Italian Alps (median value 0.32 
mg N L-1, range 0.17-0.63 mg N L-1). For these lakes 
NO3 represents up to 70% of the total N content. Lakes 
in the Serra da Estrela showed TN concentrations 
comparable to those in the Alps (0.24 and 0.32 mg N L-1 
as median and mean value, respectively), but with a 
major contribution from ON, representing almost 90% 
of TN (Figs 3-4). Lakes in the Svalbard Islands showed 
the lowest TN concentrations, between 0.03 and 0.10 
mg N L-1. IN dominates in two lakes (67 and 74% of 
total N, respectively) while in the third one ON is 
prevalent (84% of TN).  
 
Fig. 2. Results of the cluster analysis (Ward's method, Euclidean distance) applied to chemical data (conductivity values and major
ion concentrations). Lake code as in table 1. 
M. Rogora et al. 82 
Only 3 lakes in the Svallbard Islands were 
considered here; nevertheless, a study published else-
where showed that their water chemistry can be consid-
ered representative for the whole area regarding lake N 
status. Indeed, stream and lake-water values for both N-
NO3 and N-NH4 for 162 localities throughout Svalbard 
proved to be around 0.08-0.10 mg N L-1 (Lien et al. 
1995).  
Most of the lakes showed ammonium concentrations 
close to the detection limit of the method used (0.005 
mg N L-1); slightly higher values were only found for 
some lakes in the Andes, Antarctica and Portugal (0.05-
0.07 mg N L-1).  
ON dominated in the Andes, Himalaya and Antarc-
tica lakes, representing about 80% of the TN content of 
lake water. Mean NO3 concentrations were extremely 
low at these sites (usually below 0.05 mg N L-1), with 
the exception of a few sites in Antarctica (0.10-0.20 mg 
N L-1 as nitric N). A contribution from weathering was 
suggested by Guilizzoni et al. (1992) to explain these 
anomalously high NO3 concentrations in a few Antarctic 
lakes in the Tarn Flat area. Borghini et al. (2008), in a 
survey of 28 lakes in ice-free areas of Victoria Land, 
also found the highest NO3 concentration in lakes at 
Tarn Flat. They suggested increased N deposition in 
inland ice-free areas, reduced development of cyano-
Tab. 3. Main characteristics of the remote lakes groups considered in the present study. Altitude, conductivity and total nitrogen
(TN) concentrations: mean values. 
Acronym Region n. Alt. Cond. TN N deposition  
   m a.s.l. µS cm-1 20°C mg L-1 kg N ha-1 y-1  
AND Andes (Northern Patagonia) 18 844 52 0.17 0.1-0.7 Pedrozo et al. 1993 
SVA Svalbard Islands, Norway 3 50 268 0.12 2-3 Beine et al. 1996 
HIM Himalaya (Khumbu-Himal region, Nepal) 31 4941 29 0.24 0.3 Tartari et al. 1998 
ALP Central Southern Alps, Italy 35 2209 31 0.34 14-16 Rogora et al. 2006 
ANT Antarctica (Terra Nova Bay, Victoria Land 29 59 1878 0.49 <0.1 unpublished data 
POR Serra da Estrela, Portugal. 9 1607 11 0.22 1.5-7 unpublished data 
 
Fig. 3. Concentrations of nitric (NO3-), ammonic (NH4+), organic (ON) and total (TN) nitrogen in six groups of remote lakes.
Whiskers: minimum and maximum values. Boxes: 25 and 75 percentiles. Thick horizontal line: median value. Acronyms as in table 3. 
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bacterial mats, and high concentration of NO3 in some 
surface soils at high elevation as the possible causes for 
these anomalously high NO3 levels (Borghini et al. 
2008). Contribution from allochtonous sources such as 
mammals and marine birds cannot be excluded, but this 
hypothesis was not supported by the very low TP con-
centrations in these lakes (<5 µg L-1; Guilizzoni et al. 
1992).  
 
Fig. 4. Relative contribution of inorganic (IN) and organic
(ON) nitrogen to the TN content for different remote lake
groups. Acronyms as in table 3. 
 
Numerous studies confirmed the long-range trans-
port of air-borne pollutants from intensively cultivated 
or industrialised areas as the main source of N com-
pounds for lakes in different remote areas of Europe, 
such as the upland regions of UK, the Tatra Mountians, 
and Fennoscandia (e.g., Allott et al. 1995; Kopacek et 
al. 2001; Evans et al. 2001; Wright et al. 2005). High 
altitude lakes in the Alps in particular, are affected by 
high loads of airborne pollutants coming from the 
South, mainly from the Po Valley, one of the most 
urbanised and industrialised regions of Europe. It has 
been also shown that atmospheric deposition contributes 
for almost all the N content of Alpine lakes, being not 
affected by any contribution from urban sewage or agri-
cultural practices (Rogora et al. 2003). 
This does not hold for the other remote European 
areas considered in this study, the Serra da Estrela and 
the Svalbard Island, due to the absence of relevant emis-
sion sources along the main trajectories of the air 
masses reaching these regions.  
The chemical analysis of atmospheric deposition 
collected in the sampling station of Castelo Branco, in 
the Serra da Estrela region, showed lower concentra-
tions of IN (from 0.07 to 0.35 mg N L-1 as the sum of 
ammonium and nitrate) with respect to the values com-
monly found for the Alps (0.8-1.0 mg N L-1). Consid-
ering an average precipitation amount of 2000 mm, N 
deposition in the Serra da Estrela should vary between 
1.5 and 7.0 kg N ha-1 y-1, compared to about 15 kg N 
ha-1 y-1 in the Alpine area (Tab. 3).  
The Svalbard Islands cannot be considered a truly 
pristine area since they are influenced by atmospheric 
contaminants, especially in winter, when they are heavily 
loaded with a variety of anthropogenic pollutants com-
ing from the industrialised areas of Central Europe, 
Scandinavia and North-Western Russia (Simões & 
Zagorodnov 2001). However, N compounds accounted 
for about 10% of the atmospheric contaminants on the 
Svalbards, with respect to 90% represented by sulphur 
compounds (Lien et al. 1995). The available informa-
tion on N deposition in high latitude regions of Europe, 
like Scandinavia and Greenland, as well as the data on 
the deposition of N compounds measured near Ny-
Alesund, in the last 20 years (Beine et al. 1996), pointed 
out to low deposition values, close to 2-3 kg N ha-1 y-1. 
Also from palaeolimnological records there was no evi-
dence for any impacts or responses resulting from 
atmospheric deposition of nutrients, such as N (Birks et 
al. 2004).  
The remote locations outside Europe considered 
here, namely the Himalaya, the Andes and the Antarc-
tica peninsula, seemed to be weakly impacted by the 
deposition of N compounds. TN levels in the lakes were 
low and N was mainly in organic form at these sites, 
suggesting catchment processes as the main inputs of N 
to the lakes. This was also confirmed by the available 
data on N deposition in these regions (Tab. 3).  
The chemistry of atmospheric deposition in the 
Khumbu Himal region was investigated in 1991-1997 in 
the framework of the Ev-K2-CNR Project and IN con-
centration and deposition were below 0.07 mg N L-1 and 
0.3 kg N ha-1 y-1, respectively (Tab. 3; Tartari et al. 
1998).  
Pedrozo et al. (1993) analysed rainfall chemistry in 
the area of the Upper Manso River basin, where some of 
the lakes of the present study were located, and found 
IN concentrations below 0.03 mg N L-1. Assuming this 
value as a mean concentration for Northern Patagonia, 
the IN input to the lake should vary between less than 
0.1 kg N ha-1 y-1 in the Nahuel Huapi region to ca 0.7 kg 
N ha-1 y-1 along the Argentina/Chilean border, in rela-
tion to precipitation amount.  
Snow samples from Terra Nova Bay were analysed 
in the course of the 1988-89 campaign in Antarctica 
showing an average concentrations of 0.03 mg N L-1 
were found for both N-NH4 and N-NO3. Precipitation 
amount in the lake area is usually in the form of snow 
and it has been estimated to be about 200 mm water 
equivalent at the coast, and even less inland (Bull 1971), 
so that N deposition is probably below 0.1 kg N ha-1 y-1 
(Tab. 3). 
These data confirmed the negligible contribution of 
atmospheric N deposition in studied lakes of the Hima-
laya, the Andes and Antarctica regions. Also for the 
remote lakes in the Serra da Estrela in Portugal, and in 
the Svalbard Island, atmospheric deposition plays a 
minor role in the N input to lake water. The deposited N 
at these sites is entirely consumed by vegetation and 
micro-organisms, both in lake water and in the soil of 
the catchments, so that concentrations in lake water are 
usually very low. On the contrary, biological processes 
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are not able to retain all the incoming N at Alpine lakes, 
which are subject to high level of N deposition. At these 
locations, the N load from the atmosphere represents the 
main, if not the only source of N to the lakes.  
The Andes, Antarctica, and the Himalaya can be 
considered as still pristine regions from the point of 
view of anthropogenic N inputs and atmospheric pollu-
tion in general. Nevertheless, regional N budgets as 
those provided by Galloway et al. (2004) showed that 
human activities increasingly dominate the N budget at 
the global and at most regional scales and the fixed 
forms of N are accumulating in most environmental res-
ervoirs also in remote areas. Asia is foreseen to have the 
largest increase in N emission and deposition by 2050, 
and similar changes are predicted for Central and South 
America (Galloway et al. 2004).  
Using output from global chemistry transport mod-
els, Phoenix et al. (2006) estimated future rates and dis-
tributions of N deposition within biodiversity hotspots, 
showing that the average deposition rate across these 
areas could more than double by 2050 with respect to 
1990s. Among these hotspots, for Himalaya it is esti-
mated that the percent area receiving greater than 10 kg 
N ha-1 y-1 in the 2050 will be 10 times that of 1990 
(Phoenix et al. 2006). It must be highlighted that 10 kg 
N ha-1 y-1 has been indicated as a critical threshold 
above which elevated concentrations of NO3 in surface 
waters may occur (Dise & Wright 1995). 
5. CONCLUSIONS 
The new data presented in this paper about water 
chemistry of Patagonian lakes were consistent with that 
presented in previous studies (Pedrozo et al. 1993; Diaz 
et al. 2007). Oligotrophy was confirmed as the domi-
nant trophic state of the lakes. Though, a few lakes, 
namely Redonda, Angostura and Verde, showed meso-
trophic conditions, due to the location in proximity of 
urban areas or to morphological characteristics such as 
limited area and depth.  
Water chemistry of the lakes is not dependent on 
geographical attributes but mainly governed by water-
shed characteristics, such as lithology. The weathering 
of calcium- and magnesium-carbonate proved to be the 
dominant process affecting lake chemistry. Pyrite oxi-
dation was also important as a source of sulphate to a 
few lakes. 
Patagonian lakes are characterised by extremely low 
values of N compounds; NO3 in particular is below the 
detection limit in most of the lakes. The comparison of 
Patagonian lakes with similar remote sites in the Alps 
demonstrated that a further explanation for the low N 
levels in the former is the negligible contribution from 
atmospheric sources. On the other hand, the elevate NO3 
concentrations in the high altitude lakes of the European 
Alps is a direct effect of the high atmospheric N inputs 
affecting this area (Rogora et al. 2006). The atmos-
pheric signal is also evident in the dominating form of N 
in lake water: NO3 is predominant in the Alps, while 
organic N is the main form in Patagonian lakes.  
Additional data from remote locations throughout 
the world were considered to get an insight into the N 
levels of lakes in pristine areas. The results confirmed 
the critical situation of the Alps with respect to anthro-
pogenic N inputs from downwind sources. On the con-
trary, the other remote European areas considered in this 
study were not affected by long-range transported N, 
due to the absence of relevant emission sources along 
the main trajectories of the air masses.  
Overall, N deposition to sensitive areas may exacer-
bate significantly the global threat of anthropogenic 
pollution to water quality and biodiversity. This, high-
lights the relevance of regional limnological studies in 
remote areas and the need for a global approach to 
assess the impacts of N deposition. 
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